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The Main Ethiopian Rift (MER) offers a complete record of the time–space evolution of a continental rift. We
have characterized the brittle deformation in different rift sectors through the statistical analysis of a new
database of faults obtained from the integration between satellite images and digital elevation models, and
implemented with field controls. This analysis has been compared with the results of lithospheric-scale
analogue models reproducing the kinematical conditions of orthogonal and oblique rifting. Integration of
these approaches suggests substantial differences in fault architecture in the different rift sectors that in turn
reflect an along-axis variation of the rift development and southward decrease in rift evolution. The
northernmost MER sector is in a mature stage of incipient continental rupture, with deformation localised
within the rift floor along discrete tectono-magmatic segments and almost inactive boundary faults. The
central MER sector records a transitional stage in which migration of deformation from boundary faults to
faults internal to the rift valley is in an incipient phase. The southernmost MER sector is instead in an early
continental stage, with the largest part of deformation being accommodated by boundary faults and almost
absent internal faults. The MER thus records along its axis the typical evolution of continental rifting, from
fault-dominated rift morphology in the early stages of extension toward magma-dominated extension during
break-up. The extrapolation of modelling results suggests that a variable rift obliquity contributes to the
observed along-axis variations in rift architecture and evolutionary stage, being oblique rifting conditions
controlling the MER evolution since its birth in the Late Miocene in relation to a constant post ca. 11 Ma
~N100°E Nubia–Somalia motion.
© 2010 Elsevier B.V. All rights reserved.
1. Introduction
Continental rifting represents one of the most important geody-
namical processes affecting the lithosphere–asthenosphere system. If
successful, the process leads to continental break-up with typical
evolution characterized by the progressive focusing of deformation in
a narrow straining region that eventually evolves into oceanic
spreading centres (e.g. Ziegler and Cloetingh, 2004).
TheMain Ethiopian Rift (MER) has been suggested to be in the break-
up stage and to recordall themaindifferent evolutionary stages (e.g.Corti,
2009; Ebinger, 2005), and thus is one of the few locations on Earthwhere
thewhole rifting progression can be analysed successfully. Geological and
geophysical data have evidenced different MER sectors characterized by
distinctive volcano-tectonic characters and geophysical signatures, inter-
preted as the expression of different stages in an evolutionary rift
sequence (e.g. Bonini et al., 2005; Hayward and Ebinger, 1996). In
particular, an overall north to south decrease in crustal thinning and
tectono-magmatic modifications of the crust and lithosphere (e.g.
Keranen and Klemperer, 2008), together with the southward increase in
fault length and effective elastic thickness (Hayward and Ebinger, 1996),
point to an along-axis variation in rift evolution.
In this study the fault architecture of the MER has been
quantitatively characterized to define the spatial variation of rift
evolution. We approached this problem by producing a new detailed
fault database from satellite images and digital elevation model
analysis. The data, verified during different field surveys, have been
statistically analysed and compared with the results of lithospheric-
scale analoguemodels of orthogonal and oblique rifting. The results of
this approach have allowed better characterizing the fault architec-
ture in the MER, providing new constrains on the spatial variation of
the rifting evolution in Ethiopia as well as new insights into the plate
kinematics controlling the rift process. These results highlight the
importance of rift obliquity on the extension process, and thus involve
general implications for the evolutionary model of continental rifting.
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2. Tectonic setting
The MER is part of the East African Rift System (EARS), a region of
rifting that accommodates the active extension between the Nubia
and Somalia Plates (e.g. Corti, 2009; Ebinger, 2005). The MER extends
from the Afar triple junction in the north, to the northern Kenya Rift to
the south (Fig. 1).
The MER is traditionally differentiated into three main sectors
differing in terms of rift trend, fault patterns and lithospheric
characteristics (Fig. 1; e.g. Bonini et al., 2005; Hayward and Ebinger,
1996; Mohr, 1983): (1) the ~N50°–55°E-trending Northern MER
(NMER), (2) the ~N30°–40°E Central MER (CMER), and (3) the
SouthernMER (SMER) further subdivided into two sub-sectors: (3a) a
~N20°–25°E-trending northern sub-sector (SMERn) and (3b) a ~N0°–
10°E-trending southern sub-sector (SMERs).
The different MER sectors are characterized by two distinct
systems of normal faults that differ in terms of orientation, structural
characteristics (e.g. length, vertical throw), timing of activation and
Fig. 1. New database of faults of the Main Ethiopian Rift (currently available online as Google Earth® kmz file at http://www.mna.it/MER/utilities.htm) superimposed onto a digital
elevation model obtained from the elaboration of the Aster images (see text for details). NMER, Northern MER; CMER, Central MER; SMER, Southern MER (SMERn, northern
subsector; SMERn, southern subsector). The small inset to top-left hand side shows the en-echelon right stepping arrangement of the volcano-tectonic Wonji Fault Belt segments
(from Corti, 2009), and the different MER sectors. Ko: Lake Koka; Ge: Gedemsa Caldera; Zw: Lake Ziway; Ln: Lake Langano; Ab: Lake Abyata; Sh: Lake Shala; Aw: Lake Awasa;
Ay: Lake Abaya; Ch: Lake Chamo.
480 A. Agostini et al. / Earth and Planetary Science Letters 301 (2011) 479–492
relation with magmatism: (1) the border faults and (2) a set of
faults affecting the rift floor, usually referred to as Wonji Fault Belt
(e.g., Boccaletti et al., 1998; Mohr, 1962).
The border faults are normally long, widely spaced, characterized by
large vertical offset and variable orientation in thedifferentMER sectors.
The activation of these faults is diachronous along the rift axis; in the
NMER it is commonly interpreted to have occurred in the Late Miocene
(~11 Ma;Wolfenden et al., 2004), to the LateMiocene–Early Pliocene in
the CMER (~6–8 Ma; Bonini et al., 2005;WoldeGabriel et al., 1990), and
to the Plio-Pleistocene in the SMER, although here an earlier Early
Miocenedeformationphase has been suggested (e.g., Bonini et al., 2005;
Ebinger et al., 1993; Woldegabriel et al., 1991). Geological data and
analysis of the historical and instrumental seismicity suggest that the
boundary faults are largely inactive andmostly eroded in theNorthern
MER (e.g., Casey et al., 2006; Keir et al., 2006; Wolfenden et al., 2004).
Conversely, morphostructural and geological data together with the
analysis of local seismicity suggests that the boundary faults are still
accommodating some extensional deformation in the CMER and SMER
(Gouin, 1979; Keir et al., 2006; Pizzi et al., 2006).
The Wonji Fault Belt (WFB) is a tectono-volcanic system
characterized by short, closely spaced, active faults that exhibit
minor vertical throw. The WFB faulting developed essentially in the
last 2 My (e.g. Boccaletti et al., 1999; Ebinger and Casey, 2001) and
was intimately associated with the intense Quaternary magmatism of
the rift floor. These faults are well developed in the NMER, where the
WFB structures form clearly defined right-stepping en-echelon
segments obliquely cutting the rift floor. The occurrence of this fault
system decreases southwards (see Section 3). Magma intrusion
occurs throughout the lithosphere below the WFB (e.g. Keir et al.,
2005; Kendall et al., 2005). Segmented high velocity anomalies,
interpreted as regions of mafic intrusion in the mid-upper crust
beneath the MER axis (Daly et al., 2008), are spatially coincident with
the segmentation of the rift axis interpreted from the surface
expression of faulting and Quaternary volcanism (e.g., Abebe et al.,
2005, 2007; Ebinger and Casey, 2001; Hayward and Ebinger, 1996;
Mohr, 1962). These observations allow considering the WFB as
distinct tectono-magmatic segments within the rift depression (e.g.
Beutel et al., 2010; Ebinger and Casey, 2001; Keranen et al., 2004).
The main MER sectors also show marked differences in litho-
spheric and tectono-magmatic characteristics. Recent geophysical
data suggest an overall decrease in crustal thinning and tectono-
magmatic modifications of the crust and lithosphere proceeding from
the NMER southwards (e.g. Keranen and Klemperer, 2008).
The evolution of the different MER sectors has been controlled by
the long-term Nubia–Somalia kinematics, which is currently con-
strained by geodetic and seismic data at ~N100°E average extension
vector (e.g. Bendick et al., 2006; Keir et al., 2006; Stamps et al., 2008).
Analysis of slip data on Quaternary faults corroborates this extension
direction (Bonini et al., 2005; Pizzi et al., 2006), which can be reliably
extrapolated up to 3.2 Ma according to plate kinematic models (Chu
and Gordon, 1999). The pre 3.2 Ma kinematics is less constrained and
models of constant or variable direction of extension over the past
11 My have been proposed (e.g. Corti, 2009).
Nevertheless, the post 3.2 Ma extension direction is not orthogonal
to the rift axis, and the MER can thus be regarded as an oblique rift
(Bonini et al., 1997). This conditionmay be related to the localisation of
extensional deformation along a N- to NE–SW-trending lithospheric-
scale pre-existing heterogeneity (Bastow et al., 2008; Corti, 2008;
Keranen and Klemperer, 2008; Keranen et al., 2009). This lithospheric
weakness zone corresponds to a Neoproterozoic suture zone separating
two distinct Proterozoic basement terranes underlying the Ethiopian
and Somalian plateaus, as evidenced by mapping of ophiolitic
fragments, Neodymium (Nd) isotopic data, SKS splitting patterns and
differences in crustal and mantle properties between the eastern and
western rift flanks (Corti, 2009; Keranen and Klemperer, 2008 and
references therein). The suture zone in theMER is composedof different
sectors that trend at variable obliquity angles to the regional stretching
vector, thus making this rift a favourable setting for understating the
influence of weakness zones on the oblique rifting processes.
3. Fault analysis
3.1. Data acquisition and methods
In this work we present a new database of the faults affecting the
whole MER. The faults were identified and mapped on a mosaic of 25
ASTER images (displayed as RGB false colour composites with band 3
in the red channel, band 2 in the green channel and band 1 in the blue
channel; 15 m×15 m lateral resolution; Figs. 1, S1a) covering the
entire area of interest, and on the associated digital elevation models
(15 m×15 m lateral resolution, extracted from the orthogonal
stereoscopic pair of ASTER channels 3N and 3B; Figs. 1, S1a).
In these images, fault traces were identified by the change in pixel
opacity and by the characteristic nearly linear shape compared to
the other geomorphologic elements (e.g. Soliva and Schultz, 2008).
Digital elevation models and slope maps (Fig. S1a) implemented
the interpretation of fault traces, which were drawn at the base of
their scarp (Fig. S1b). Fault traces were approximated with polyline
features and digitized in a GIS environment to the UTM projection
(zone 37N, datum WGS1984). Faults were distinguished as internal
and border faults according to their position with respect to the
rift depression and according to their geometrical characteristics
(e.g. trend). The mapped data were integrated and verified with
existing geological data (e.g. Abebe et al., 1999, 2005; Kazmin, 1978;
Le Turdu et al., 2005). The reliability of our database was also tested
during three different field surveys in 2007–2009.
Fault traces were analysed quantitatively in term of length,
spacing, azimuth distribution and density. In order to analyze the
fault azimuth distribution, the polyline features used to map the fault
traces were transformed in tip-to-tip lines (a straight line joining the
extreme points of a polyline feature, Fig. S1c). The tip-to-tip azimuth
data were weighted for the length of the corresponding fault. The
weighting factor for each fault was the ratio between its length and
the minimum fault length in the whole data set (i.e., ~100 m), such
that long faults have higher ratios than short ones. The frequency of
the azimuth of a tip-to-tip fault directly relates to this ratio: the longer
the fault the higher its frequency. Fault density distribution (Fig. 2)
has been derived using a grid oriented nearly parallel to the overall
envelope of the fault network (approximately NE–SW) in order to
attenuate border effects. The density has been calculated for 5 km-
sided square cells as the ratio between the cumulative length of faults
contained in each cell and the area of the cell (Fig. 2).
This analysis allows the definition of the general fault pattern (in
terms of spacing, length, density and fault trend), an information that
has been demonstrated to be crucial and sufficient for determining
the overall rift kinematics (e.g., Dauteuil and Brun, 1996). Other
parameters, such as fault throw and kinematics – though important –
are normally more difficult to obtain over large areas and are not
considered in this analysis. This type of fault pattern outcome has
been often coupled with analogue models, providing the basis for a
well-established approach that has been successfully applied to the
determination of rift kinematics in oblique extension settings, such as
submerged or exposed oceanic ridges (e.g., Dauteuil and Brun, 1996;
Dauteuil et al., 2001) and continental rifts (e.g., Bonini et al., 1997;
Brun and Tron, 1993; Corti, 2008).
3.2. Results of the statistical fault analysis
The remote sensing analysis allowed us to record 3302 structures
(Table S1), spanning almost three orders of magnitude in length, from
~100 m to the 75 km-long Fonko fault on the western border of the
Central MER (Fig. 1). These fault statistical analyses were carried out
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for each MER sector. The results are summarized in Table S1 and
discussed later.
3.2.1. Fault number, length and density
In the NMER, the internalWFB faults, well organized in en-echelon
segments, are higher in number than the border faults, being the
border faults/internal faults ratio 0.57. The border faults consist of
long and spaced en-echelon structures (average length 1.80 km,
maximum length ~25 km, average spacing 1035 m), whereas the
internal faults are shorter (average length 1.26 km, maximum length
~15 km) and more closely spaced (955 m on average). Fault density
confirms that maximum values are obtained within the rift floor in
correspondence to WFB segments (Fig. 2).
In the CMER and SMER, the border faults/internal faults ratio
shows high values (4.38 and 5.20, respectively) thus manifesting the
clear predominance of the border faults. These latter are longer
(2.56 km and 2.64 km in the CMER and in the SMER, respectively) and
more spaced (1200 m and 1260 m in the CMER and SMER,
respectively) compared with the northern sector (Table S1). The
limited number of WFB faults in the CMER and SMER does not allow a
meaningful statistical analysis. Qualitatively, the internal faults in the
CMER and SMER sectors appear as short structures (only a few faults
are longer than 10 km) with small vertical separation (e.g. Boccaletti
et al., 1998), resulting individually similar to those in the NMER.
Nevertheless, the en-echelon arrangement of the NMER internal faults
is not clearly detectable in the CMER and SMER, where internal faults
are concentrated mainly near the rift margins, and only few of them
affect the centre of the rift valley (Fig. 1). This is confirmed by analysis
of fault density that, unlike the NMER, shows maximum values at the
rift borders and comparatively lower values in the rift centre (Fig. 2).
In summary, a North to South increase in border fault length and a
strong along-axis variation of the relative importance (in number and
density) of internal and border faults can be highlighted. This in turn
reflects a different distribution of the brittle deformation across the
rift structure: in the NMER faulting affects primarily the rift
depression with the well developed WFB, while deformation in the
CMER and SMER is concentrated on the rift margins (see Section 4.3).
This distribution is not altered by factors such as vegetation coverage
(which is scarce and homogenously distributed throughout the MER)
and occurrences of lakes (which occupy less than 5% of the NMER, less
than 10% of CMER, and ~10% of the SMER). Also, this analysis is
independent from occurrence of recent volcanic products, which
would tend to erase topography (i.e., the fault escarpments) and thus
to apparently decrease fracture density: this latter is instead
maximum where Quaternary volcanism is widespread as in the
magmatic segments of the NMER.
3.2.2. Fault azimuth
Fault trace orientation was analysed in term of azimuthal
distribution in the different rift sectors; the results are presented on
0°–180° histograms at 5° intervals for each MER sector, and further
subdivided into internal and border faults (Fig. 3).
In the roughly ~N50°–55°-trending NMER, the total fault azimuth
histogram shows a main peak trending between N20° and N25°
(Fig. 3). This peak corresponds to the orientation of the WFB faults.
The border faults are instead characterized by a main peak at ~N35°–
40°, which is thus slightly oblique to the mean rift trend (Fig. 3).
The ~N30°–40°-trending CMER shows a main peak varying
between N25° and 30°, which corresponds to the border faults system
that is slightly oblique to the mean rift trend likewise the NMER. The
WFB faults in the CMER are statistically less evident than in the NMER
(compare the height of the peaks in the corresponding histograms in
Fig. 3) and exhibit a N10°–N15°-trending main peak.
The analysis of the fault distribution in the SMER considered the
subdivision into the ~N20°–25°-trending SMERn and the roughly
~N0°–10°-trending SMERs. In the SMERn, the border faults show a
main peak varying between N20° and N25°, whereas this peak in the
SMERs trends ~N10°–15° (Fig. 3). In both sub-sectors, the peaks of
internal faults are oriented ~N10°–15°, although they are less
important (see Section 3.2.1). A secondary N100°–N105°-trending
peak can be also detected in the SMERs histogram (Fig. 3).
The analysis of the fault azimuth distribution in the various MER
sector histograms reveals that the angle between the internal and
border faults decreases from the NMER (~20°) southwards (~15° in
CMER and SMERn), reaching a semi-parallelism between the two fault
systems in the SMERs (Fig. S2). Similarly, the total span of fault
orientations (i.e., the azimuth dispersion) is again at maximum in the
NMER and decreases southwards (Fig. Fig. S2), as also testified by the
decreasing trend of the standard deviation of the weighted fault
azimuth distributions (Table S2).
3.3. Analogue models
In order to better understand and characterize the fault architec-
ture in relation to the evolution of rifting and plate kinematics, the
results of the remote sensing fault analysis have been compared with
further elaboration and implementation of previous lithospheric scale
analogue models of orthogonal and oblique continental rifting
(Agostini et al., 2009).
Fig. 3.Weighted fault distribution ofMER faults illustrated as histogram of the fault trends. The histograms in the left column show the distribution of the all faults affecting eachMER
sector, whereas faults are differentiated in border and internal (Wonji Fault Belt) in the central and right columns, respectively. All the graphs were constructed using the same
weighting factor (i.e., 100 m), such that all the histograms are directly comparable each other. Abbreviations are as in Figure 1.
Fig. 2. Map of fault density distribution performed using the whole fault dataset
(reported in Fig. 1) and superimposed onto a shaded relief of the study area. The density
has been calculated for 5 km-sided square cells as the ratio between the cumulative
length of faults contained in each cell and the area of the cell, over a grid that is oriented
nearly parallel to the overall envelope of the fault network (approximately NE–SW).
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Analogue models were performed in an artificial gravity field of
~18 g by using a large capacity centrifuge (Fig. S3). The models
reproduced the extension of a 50 km-thick continental lithosphere
(crust+lithospheric mantle) floating above a low viscosity material
simulating the asthenosphere (see Corti, 2008); the models were
made of sand powder and silicone mixtures to reproduce the brittle
and ductile behaviour of lithospheric layers. The experimental
lithosphere contained a central weakness zone, analogous to the
presence of a pre-existing weakness zone in nature that localizes
deformation during progressive extension as the lithospheric suture
imaged by geophysical data below the MER (see Section 2; Fig. S3).
This weak zone was modelled by considering a local increase in
crustal thickness (analogous to the presence of a pre-existing crustal
root), which greatly reduces the integrated resistance of the
lithosphere by (1) replacing the strong lithospheric mantle material
with weaker crustal material and (2) increasing initial Moho
temperatures and thus softening the crustal materials with respect
to the surroundings (Fig. S3; see Agostini et al., 2009). Varying the
orientation of this weakness with respect to the extension direction
allowed controlling rift kinematics, particularly the obliquity angle α
(i.e. the angle between the orthogonal to the pre-existing weakness
and the extension direction; Fig. S3). The adopted model to nature
length ratio was 6.7×10−7, such that 1 cm in themodel corresponded
to ~15 km in nature; dynamic–kinematic similarity ensured that the
velocity of extension applied to the models (~10−4 m s−1) scaled to
natural values of 4–6 mm yr−1. More details about the modelling
approach, results and comparison with previous experimental works
are extensively described in Agostini et al. (2009).
Here we summarize the four models that best fit the MER sectors
in terms of fault pattern and rift architecture (see Section 4.1). These
models vary from pure orthogonal extension (α=0°), to low
(α=15° and α=30°) and moderate obliquity (α=45°).
In all the models, rift evolution consisted of two distinct
evolutionary stages, each characterized by the development of a
particular fault system. The first evolutionary stage (Stage 1 in Fig. 4a)
was characterized by basin subsidence and activation of large, en-
echelon boundary faults parallel to the rift trend for α=0°, and
slightly oblique for low to moderate obliquity (main orientation peak
~10–15° for α=15°, ~15–20° for α=30°, and ~20°–25° for α=45°;
Fig. 5). Antithetic faults developed in the rift depression defining a
couple of marginal grabens (whose expression became less clear
increasing α) delimiting an undeformed rift floor. In this first stage
all the deformation was accommodated along the rift margins by
slip on the border and antithetic faults (Fig. 4b). As extension
proceeded incipient faults appeared on the relatively undeformed
rift depression (intermediate stage in Fig. 4a), testifying to amigration
Fig. 4. Two-stage evolution of lithospheric-scale analogue models, summarized through three representative stages of the low obliquity model (α=30°). a) Top-view photos. Left
panel: first evolutionary stage with development of the boundary faults (~15 mm of extension, that scales down ~22.5 km in nature). Central panel: intermediate stage with
formation of the incipient internal faults (~21 mm of extension ≈ 31.5 km in nature). Right panel: second evolutionary stage with most of the deformation accommodated by
internal faults (~27 mm of extension≈ 42 km in nature). b) Topographic profiles across themodel rift (data from laser scanning); traces of the profiles are the dotted blue lines in a).
The blue squares represent the faults intercepted by a 0.33 cm-wide belt over the profile trace. The pale grey area indicates the rift depression. c) Weighted fault distribution
illustrated as 0°–180° histograms at 5° intervals.
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of deformation from the rift borders toward the rift centre. For
increasing extension, internal faults increasingly accommodated
deformation and the activity of boundary faults consequently
reduced. This behaviour characterizes the second evolutionary
phase (Stage 2 in Fig. 4a). In orthogonal extension and low obliquity
models (α from 0° to 30°), the internal faults developed during
the second stage were orthogonal to the extension direction
(main orientation peak around N0°–05°), whereas these faults
Fig. 5.Orthogonal tomoderate obliquity (α=0°–45°)models at theendof the experiment (appliedextension ~27 mm≈42 kminnature). Left panels:models top-viewphotos. The small
inset shows the trend of the pre-existing weakness zone and the extension direction (small white arrows). Central panels: line drawings of models at the end of the experiment. Right
panels: fault distribution illustrated as histograms of the fault azimuths, weighted for the (tip-to-tip) fault length. For all models, theweighting factor for each fault is the ratio between its
length and theminimum fault length in the model data set. The extension directions and the rift trends are displayed on the graphs. Note that for modelswithαN0°, the trend of the rift
depressiondoesnot perfectly coincidewith the underlyingweakzonebut shows a variability up to ~5° (outlined by the thickdashed green line). B, border faults; Curved IF, curved internal
faults; I, internal faults; R-parallel, rift parallel-faults.
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were slightly oblique in moderate obliquity models (peak around
N10°–15°; Fig. 5).
In low and moderate obliquity models the internal faults were
arranged in two en-echelon segments linked by a complex transfer
zones, where rift-parallel faults were observed (R-parallel in Fig. 5).
Forα=30° andα=45° the last extension steps led the internal faults
to further propagate and interact with the rift margins, acquiring a
S-shape geometry to adjust with the border faults (Curved IF in Fig. 5).
It is worth noting that the orientation peaks of boundary and
internal faults did not change during model evolution (Fig. 4c).
Rather, as extension increased the difference between the statistical
weight of the internal and the border fault peaks decreased: during
the second stage, the number of internal faults notably increased,
raising the weight of the corresponding orientation peak. At the same
time the border faults strongly reduced their activity, and the relative
peak grew slower than that of internal faults (Fig. 4c). Accordingly, the
fault length analysis shows an overall increase in the average value of
border fault length as the obliquity angle α decreased (Fig. 5).
Low obliquity models were characterized by a clear partitioning
between the model rift margins and the rift floor: the rift margins
displayed a strike–slip component of motion, whereas nearly pure
dip–slip faults affected the rift floor. In moderate obliquity (α=45°)
deformation partitioning between the margins and the rift floor was
less marked since the internal faults were not orthogonal to the
direction of extension and, together with the boundary faults,
accommodated a component of the strike–slip deformation.
Finally, the comparison of the different models suggests that the
timing of the transition from the first to the second evolutionary stage
was a function of the obliquity angle α: the first internal faults
developed earlier in moderate obliquity models (i.e. a minor amount
of bulk extension was needed) and comparatively later for low
obliquity and orthogonal rifting model (i.e. a major amount of bulk
extension was required). This suggests that models with different
obliquity showed a different evolutionary stage of rifting even if they
experienced an equal amount of bulk extension (see Fig. S4).
4. Discussion
The comparison between fault architecture in the different MER
sectors with the characteristics of deformation shown by the
lithospheric-scale analogue models provides new insights on the
time–space evolution of continental rifting in Ethiopia and allows
speculating on the plate kinematics driving the extensional deforma-
tion. Whereas previous works have compared the results of analogue
models either with the MER fault pattern as a whole (Bonini et al.,
1997) or considering two main sectors only (Corti, 2008), this work
presents a complete and more detailed investigation of the four
distinct MER sectors.
4.1. Comparison of fault analysis and analogue models
The peculiar distribution and architecture of faulting in the
different MER sectors (Fig. 1) can be associated with different
obliquity models; specifically, the NMER can be compared to the
α=45° model, the CMER to the α=30° model, and the SMERn and
SMERs to the α=15° and orthogonal extension models, respectively
(Figs. 6, 7). The main points of similarity between the rift architecture
in models and in the MER sectors are:
1) The analogue models and natural prototype display similar fault
patterns, characterized by the two distinct fault families affecting
the margins and the rift depression (Fig. 6; Corti, 2008). Both in
models and nature, the two fault systems are normally arranged
en-echelon, suggesting a strike–slip component of displacement.
Typically, the internal faults (WFB faults in nature) are clustered
into right-stepping en-echelon segments affecting the rift floor,
well expressed in the NMER and in the correspondent 45°-
obliquity model (Figs. 2, 6).
2) The two-stage model evolution (Fig. 4) mimics the diachronous
activation of border faults and internalWonji faults during the Late
Miocene–Early Pliocene and Late Pliocene(?)–Early Pleistocene,
respectively (at least in the NMER). The timing of deformation
evolution in the MER is consistent with that of analogue models
(Fig. 6). Deactivation of boundary faults and appearance of Wonji
faults occur early (at the Pliocene–Quaternary boundary) in the
NMER, consistent with rapid shift of deformation to the rift floor in
the 45°-obliquity model (Fig. 6). Migration of deformation in this
rift sector occurred after ~20 km of bulk extension (e.g., Corti,
2008), strikingly fitting the predictions based on the moderate-
obliquity modelling results (see Agostini et al., 2009). Conversely,
strong Quaternary boundary fault activity and Wonji faults in the
initial stages of development and propagation testify that exten-
sional strain ismostly localised at themargins of the rift depression
in the CMER and SMER, in agreement with a prolonged phase of
boundary faulting and later development of internal faults in the
corresponding orthogonal and low-obliquity models (Fig. 6).
3) Themain fault orientation peaks in each analoguemodel (α varying
from 0° to 45°) are bestfitted to the fault peaks in the corresponding
MER sector after an invariable 10° clockwise rotation (Fig. 7). After
such a rotation the histograms of model fault distribution coincide
with those of the corresponding MER sectors supporting the
robustness of this approach. Notably, both in models and nature,
the boundary fault system has an overall trend that is parallel to the
rift axis, although single faults are oblique to this trend (Fig. 7). The
internal faults orientation display an equivalent along-axis variabil-
ity controlled by theα angle both inmodels and nature. Particularly,
they are perpendicular to the inferred direction of extension in the
CMER and SMER, as well as in the corresponding low-obliquity
(α=15°–30°) and orthogonal (α=0°) models, whereas they trend
oblique in theNMERand in the45°-obliquitymodel, forminga ~10°–
15° angle with the orthogonal to the stretching vector (Fig. 7).
A discrepancy between models and nature is related to the N100°–
130°-trending cluster of faults observed in the SMERs histogram,
which was not reproduced in the corresponding orthogonal
extension (α=0°) model (Fig. 7). These faults likely represent
inherited structural trends reactivated during the rifting (e.g., Corti,
2009). Since models are not pre-deformed, they cannot account for
similar structures.
4) In moderate obliquity models (α=45°) inward migration of
deformation occurs at the early stages of extension, implying that
internal faults increasingly accommodates the extensional strain
and the border faults are progressively deactivated. Analogously,
in the NMER the main fault peak corresponds to the WFB that
dominantly accommodate extension, whereas the border faults
are characterized by a lower statistical weight consistent with
them being inactive and eroded, as indicated by geological data
and historic and current seismicity (Keir et al., 2006, 2009;
Wolfenden et al., 2004). Conversely, in models with α≤30° later
inward migration of faulting implies that border faults accommo-
date a significant portion of deformation throughout the model
evolution. This accords with the higher statistical weight of the
border faults over the WFB in the CMER and SMER, where
seismicity data indicates the border faults to be tectonically active
(Keir et al., 2006).
5) Both in theMER and in themodels, the angle between internal and
border faults is a function of the rift trend (i.e., the rift obliquity),
and this angle increases as the obliquity angleα increases (Fig. S5).
Moreover, both MER sectors and models show an overall increase
of the total span of fault orientation (azimuth spectrum) with
increasing rift obliquity (Fig. S5). This is also testified by the
standard deviation values of the weighted fault azimuth distribu-
tion (Table S2). Higher values of azimuth dispersion obtained from
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the SMERs data are attributable to the influence of pre-existing
basement structures that are largely exposed in this area, and to
the superimposition of the present kinematics onto previous
deformative stages, possibly related to an early northward
propagation of the Kenya Rift at 20–21 Ma (Bonini et al., 2005).
6) The length of model boundary faults increases from α=45° to
α=0° (see Section 3.3), and, in a similar fashion, border fault
length increases from the NMER to the SMER (see Section 3.2.1 and
Table S1).
4.2. Implication for the Nubia–Somalia kinematics
The 10° clockwise rotation that each model requires to match the
average trend of the correspondingMER sector faults results in an overall
N100°E direction of extension between the opposite sides of each model
(Fig. 8). This direction is in very good agreement with the results of
geodetic measurements that indicates a current ~N100°±5° extension
vector between Nubia and Somalia plates (e.g. Bendick et al., 2006;
Stamps et al., 2008), as well as it agrees with paleostress and geological
data (Bonini et al., 2005; Casey et al., 2006; Pizzi et al., 2006) and plate
motion analysis (Chu and Gordon, 1999; Horner-Johnson et al., 2007;
Fig. 8).
In the analogue modelling the applied kinematics was kept
constant during the experiment and thus controlled the two-phase
rift evolution (Fig. 4). This suggests that a constant ~N100°E motion
between Nubia and Somalia plates could have acted since the onset of
rifting in the MER, and thus could have controlled the diachronous
activation of boundary and Wonji faults (Corti, 2008). This interpre-
tation has a relevance for the pre 3.2 Ma kinematics of major plates,
which would have been constant over the past 11 My, implying a long
lasting oblique rifting in the Miocene to Recent MER history.
4.3. Evolution of the different MER sectors
The differences observed in the fault pattern and in the
distribution of deformation along the MER, coupled with the results
of analogue modelling, suggest an along-axis variation in rift
evolution (Figs. 6, 9).
The NMER fault pattern is characterized by well developed WFB
fault segments that affect the rift floor and accommodate approxi-
mately the 80% of the current extensional deformation (Billham et al.,
1999), which is manifested by the dominant statistical weight of WFB
structures (Fig. 2, 7). On the contrary, the boundary faults are
generally deactivated and eroded thereby showing a subordinate
Fig. 6. Comparison of fault pattern and rift architecture in models and the different correlative MER sectors. Model top-views are rotated 10° clockwise to match the rift trend in the
corresponding MER sector (see text for details). Note the similarity in rift architecture. For a similar amount of bulk extension the NMER and the 45°-obliquity model display well
developed internal fault segments, whereas deformation is mostly localised at the margins of the rift depression in the CMER and SMER as well as in the corresponding models, with
internal faults in the initial stages of development and propagation. Red and blue dashed lines show the traces of the profiles illustrated in Figure 9.
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statistical importance. These characteristics accord with the fault
pattern and the distribution of deformation that is typical of stage 2 of
model evolution (Fig. 4), that is when a model has already
experienced the inward migration of the deformation. On this basis,
the NMER can be considered as a mature rift. These findings are
supported by geophysical data that point to a NMER lithosphere
extensively modified by magmatic processes and that can be
considered in a transitional stage between completely continental
and oceanic lithosphere (Rooney et al., 2007). The NMER lithosphere
is in fact characterized by a relatively thin crust, which thickens
southward to the boundary with the CMER (e.g. Maguire et al., 2006),
and a strong magma upraising and accumulation throughout the
lithosphere in correspondence of the tectono-magmatic WFB seg-
ments (e.g. Kendall et al., 2005; Keranen et al., 2004). Although recent
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models have emphasized the role of magma in the localization of
deformation within the WFB of NMER (magma-assisted rifting of
Kendall et al., 2005), the development of internal faults in analogue
models – that do not consider the role of magma in the deformation
process – suggests the primary control of tectonics on rift evolution
(Corti, 2008). In agreementwith this observation, despite themagma-
assisted model implies internal WFB segments to form orthogonal to
the regional extension vector, the orientation peak of α=45° model
internal faults strikingly matches the corresponding WFB peak and
both are slightly oblique (b10°–15°) to the orthogonal to the
extension vector (see Section 4.1). We thus suggest the architecture
and evolution ofWFB to be independent of magmatic processes (Corti,
2008); rather the WFB structures focus a passive uprising of the
magma (e.g. Boccaletti et al., 1999).
By reference to the lowobliquity (α=30°)model, the internal faults of
the CMER, which are mostly concentrated near the rift margins, could
represent incipient WFB faults propagating from the rift borders, or, in
some cases, remnants of marginal grabens, such as for the Butajira area
(Fonko–Guraghewesternmargin, Fig. 1). Thepredominance of the border
faults, their current tectonic activity (Keir et al., 2006) and the incipient
nature of the internal faults suggest that the CMER sector is in a
transitional stage correlatable to the “intermediate” evolutionary stage
outlined by the analoguemodels (Figs. 4, 9). In the SMERn and the SMERs,
the scarcity of faults in the rift floor and the concentration of the
deformation at the rift borders (Figs. 2, 9) indicate that such sectors are in
an early evolutionary stage similar to Stage 1 of model evolution (Fig. 4).
The less evolved nature of the CMER and the SMER sectors is also
reflected by the lithospheric characteristics, in particular by a lower
crustal thinning and less advanced magmatic modifications with
respect to the NMER (e.g. Keranen and Klemperer, 2008). Particularly,
the CMER lithosphere can be considered as a continental lithosphere
poorly modified by magmatic processes, while the lithosphere is
considered to be completely continental in the less evolved SMER
(Rooney et al., 2007). Thus, a strong correspondence between the
along-axis different rift progression and the distinct lithospheric
characteristics of each MER sector and its magmatic evolution can be
highlighted (Corti, 2009, and references therein).
Overall, the extrapolation of analogue model results to nature
shows that rift obliquity exerts an important control in how strain is
distributed in the upper crust as extension proceeds: for the same
amount of bulk extension and similar lithospheric thinning, models
with different obliquity display different evolutionary stages. In the
NMER, higher rift obliquity favors a rapid evolution of the rift process,
with early abandonment of boundary faults and consequent early
shift of deformation to the Wonji faults within the rift floor. The
thinner crust characterizing this rift sector (~25 km) with respect to
the CMER (~35 km; Maguire et al., 2006) apparently requires the
action of additional factors, which are most likely mantle plume-
related thermal erosion (Dugda et al., 2007) and Oligo-Miocene rifting
between Arabia and Africa related to an early triple junction tectonics
(e.g., Wolfenden et al., 2004). Conversely, in the CMER and SMER
lower obliquity may prolong boundary faults activity and retard the
Fig. 8. Structural setting of the Main Ethiopian Rift superimposed onto a digital elevation model from SRTM data (http://www2.jpl.nasa.gov/srtm) showing the trend of each rift
sector (pale grey transparencies) and the Nubia–Somalia extension direction inferred from analoguemodelling (white arrows). Inset shows the Nubia–Somalia displacement vectors
at the MER latitude calculated with different methodologies (modified after Corti, 2009): 1–2) geodetic observations (Bendick et al., 2006; Stamps et al., 2008); 3) geophysical data
(Keir et al., 2006); 4–5) geological data (Casey et al., 2006; Pizzi et al., 2006); 6–7) plate motion data (Horner-Johnson et al., 2007). Abbreviations are as in Figure 1.
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shift of tectonic activity to the rift depression. Thus, application the
modelling results to nature suggests that the north-to-south differ-
ences in rift obliquity may contribute to the along-axis variations in
rift architecture and evolution. The effect of a southward rift
propagation from the Southern Afar to the SMER (Bonini et al.,
2005) – presumably controlled by large scale kinematics of Africa
plate (e.g., Ebinger, 2005) – represents an additional key factor
promoting the inferred southward-decreasing rift development.
5. Inferences on continental rifting progression from the Main
Ethiopian Rift
The MER offers a complete record of the time–space evolution of a
continental rift, from its early stages (SMER) to the more evolved
stages (NMER), and thus represents a key area where analysing the
evolution of continental rifting (e.g. Ebinger, 2005; Hayward and
Ebinger, 1996).
The analysis of the brittle deformation distribution in the MER
performed on a new structural database and its comparison with the
results of lithospheric analogue models has allowed us to suggest that
the pattern of brittle deformation in the upper crust has been strongly
influenced by oblique rifting conditions since its birth in the Late
Miocene, related to a constant post ca. 11 Ma and ~N100°E-directed
Nubia–Somalia motion. The different MER sectors currently record
andmay exemplify the typical evolution of continental narrow rifts, as
outlined in Figure 10.
The rift evolution begins with the definition of a main subsiding
basin and the development of faults on the depression boundaries in
response to the horizontal pull exerted by plate-driving forces. This
early fault-dominated continental rifting stage is peculiar to the
present Southern MER sectors (Fig. 10a). As the system evolves,
deformation migrates from the margins, where boundary faults are
still active, toward the centre of the rift depression where incipient
internal faults start forming (Fig. 10b). This is characteristic of the
transitional rifting stage, as can be identified in the CMER, where
young faults affecting the rift floor may be observed and associated
with incipient WFB migrating from the rift borders. With increasing
rift evolution, the system evolves toward an incipient continental
rupture stage, as exemplified by the NMER sector (Fig. 10c). At this
stagemost of the volcano-tectonic activity is focused on themagmatic
segments located inside the rift depression (e.g. Ebinger, 2005). Our
model suggests that the migration of deformation is primarily
controlled by the oblique rifting kinematics (and the variable obliquity
angle in the different rift sectors), allowing interpreting the localiza-
tion of themagmatic activity along the internalWFB faults as a passive
feature. However, as the process evolves, a positive feedback is
established between strain localization and magma upraising eventu-
ally leading to a magma-assisted rifting in which magma weakens the
lithosphere and increasingly controls the largest part of the deforma-
tion (e.g. Beutel et al., 2010; Buck, 2004; Ebinger, 2005; Keir et al.,
2006; Kendall et al., 2005). Magma supply and diking prevents the
increasing of the stresses to a level able to activate the border faults,
which consequently reduce or cease their activity (Buck, 2004). These
conditionsmark the transitional stage between continental rifting and
seafloor spreading, where the crust and lithosphere are strongly
modified bymagmatismand new crust is formed in correspondence to
the large crustal magmatic bodies of the tectono-magmatic segments
(e.g. Keranen et al., 2004). At this stage theWFB segments in theNMER
act as incipient spreading centres, with crustal characteristics (i.e.
magmatic intrusions and diking) and en-echelon arrangement
mimicking the structure and second-order segmentation of oceanic
slow-spreading ridges (e.g. Hayward and Ebinger, 1996).
As a general implication, the results of analoguemodelling support
that the different stages of rift evolution outlined above may be
reached for similar amounts of bulk extension and lithospheric
thinning depending on rift obliquity. Our analysis suggests indeed
that migration of deformation, in-rift fault development, and the
successive focusing of magmatic activity with associated thermo-
mechanical modification of the extending lithosphere develop earlier
with increasing obliquity, eventually leading to a faster break-up of
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the continental lithosphere. The observation that in the NMER the
break-up stage has been reached at relatively small stretching factors
and for thick crust (up to 30–35 km) without the reduction in crustal
thickness observed in other oceanized rift settings (e.g., Woodlark Rift
in Papua-New Guinea, where crustal thickness is only 16–18 km; see
Daly et al., 2008) supports this observation. In conclusion, we suggest
that rift obliquity is an additional key player in controlling rift
evolution together with other well known factors, such as the amount
of stretching, lithospheric thinning, and the availability of basaltic
melts (e.g. Ebinger, 2005; Ziegler and Cloetingh, 2004).
Supplementarymaterials related to this article can be found online
at doi:10.1016/j.epsl.2010.11.024.
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